Besides supporting cattle feeding, grasslands are home to a diversity of plants and insects that interact with each other by emitting volatile compounds. The aim of this work was to develop a method to determine permanent grassland odorscape and relate it to flower-visiting insects. Two grasslands were chosen for their contrasting levels of botanical diversity, resulting from differing grazing managements. Measurements were made over two periods of three consecutive days at the beginning of grazing, and just after the cows had left the plots. Volatile compounds were trapped using solid-phase microextraction (SPME) fibers exposed eight hours a day in three exclosures per plot, and then analyzed by gas-chromatography-mass spectrometry (GC-MS). Insects were trapped using pan traps and a net, sorted and counted. The open air SPME method yielded volatile compound profiles that were richer than maize field profiles, comprising the common green leaf volatiles (GLV) and more specific ones. Differences between the odorscapes of the two grasslands were found, but they were not as marked as expected from their botanical composition. By contrast, there were sharp differences between the two periods, resulting from the combined effects of changes in weather conditions, plant phenological stage and grazing progress. Several correlations between insect counts and volatile compounds were found. Although their correlation coefficients were low, some of them were confirmed when tested by Spearman rank correlation, and could be logically explained. This method of grassland odorscape deserves to be developed because it can provide information on many aspects of grassland function and on the stresses that grassland plants undergo.
Introduction
Biotopes such as corn fields, forests or grasslands are characterized by bouquets of fragrant volatile organic compounds (VOCs) that form their chemical signature, called "chemical global radiation of 2133 joules.cm- 2 and a mean wind speed of 2.7m.s -1 (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . Two plots were used and chosen for their contrasting floristic diversity and management: "Montagne", a large 8.98 ha pasture that had received no fertilizer in the last 20 years and had always been grazed at a low stocking rate, resulting in a high botanical diversity, and "La Prade", a 1 ha pasture, flat and wet in places, well fertilized (30 UN.ha -1 .yr -1 and 40 m 3 .ha -1 .yr -1 of slurry) and grazed at a higher stocking rate, inducing moderate botanical diversity. The centers of the two pastures were 1.3 km apart and the highest point of Montagne and La Prade was respectively 1180 m and 1150 m. Measurements were made in July in two periods of 3 days corresponding to the flowering of the most abundant dicotyledons in botanically diverse grasslands. The first period P1 (1, 3 and 4 July) was when cows were grazing, and matched the second grazing rotation on Montagne and the third rotation on La Prade. The second period P2 (16, 17 and 18 July) was when cows had been turned out of the pastures (Montagne and La Prade: 10 July). On each pasture, three 10 × 12 m areas, representative of the different plant communities of the pastures in Montagne and La Prade, were excluded from grazing. On Montagne, two exclosures were set up on the slope (Exclosures 1 and 3) and one on the flat and more fertile area of the plot (Exclosure 2). On La Prade, one of the three exclosures was established in a wet place in the plot (Exclosure 1). Exclosures were removed just after the third day of measurement in each period. Wind speed, temperature, precipitation and humidity were recorded during P1 and P2 at the Inra meteorological station located on the farm. Botanical analysis, sward structure measurements, VOC trapping and insect counts were performed in triplicate in each of the six exclosures, in both periods unless otherwise stated.
Botanical composition and vegetation structure
Botanical analyses were performed by a botanist (see Acknowledgments) at the end of P1, after insect and VOCs collection. All the species were determined in three 1 m 2 quadrats distributed along the diagonal of each exclosure, and their abundances were scored on a 0−100 scale. Species covering less than 1% within a quadrat and species present in the exclosure but not in the quadrat were also identified. Abundance was calculated as the average abundance of each species identified in each quadrat. The Shannon index was used as a measure of plant species evenness at quadrat scale. Vegetation structure was measured at the end of the two periods at 50 locations over each exclosure. Every five steps, we recorded sward surface height, vegetation stage (leaf, stem or ear) and functional group (grass, legume or forb) at the first contact of a stick with the undisturbed sward surface. Flowering intensity was estimated based on the relative abundance of dicotyledonous (forb and legume) flowering stems. In addition, to globally depict the vegetation of each plot, we added height recordings using an electronic plate meter with a plastic plate (30 cm × 30 cm and 4.5 kg.m
; FITC model/Arvalis), taking 60 measurements per hectare just before and after grazing, along transects distributed over the whole pasture. The standard deviation of sward herbage height was used as a vegetation heterogeneity indicator.
Insect collection
Insects were trapped in each of the three exclosures each day of the two periods using pan traps [8] . The traps consisted of a set of three plastic cups, one white, one yellow and one blue, filled with water and a few drops of odorless detergent. The cups were attached facing south, at mean vegetation height (Montagne: 43 and 21 cm in P1 and P2 respectively; La Prade: 24 and 16 cm), on three stakes driven into the ground 5 m apart. At the end of the day, trapped insects were recovered by filtering through gauze and transferred to a labeled bottle containing 50% ethanol. Flies were discarded, wild bees were sorted, identified and counted, and the remaining hymenoptera were counted as "others". As the traps failed to catch bumblebees because their weight and strength enabled them to escape, these were caught by nets for 15 minutes twice a day: between 11:00 and 12:00 and between 14:00 and 15:00 in each exclosure, each day of the two periods like the other measurements. They were also transferred to a labeled bottle containing 50% ethanol until identified.
VOC analysis
Fiber conditioning and calibration. Twenty-four SPME fibers (DVB/CARBOXEN/ PDMS 50/30 μm, Supelco TM , Bellefonte, PA) were cleaned by heating in a gas chromatograph injector at 250°C for five minutes with helium as the carrier flow. Cleaning efficiency had been previously checked in similar conditions: blank analyses confirmed that there was no carryover from the previous analysis. Fibers were controlled by GC-MS analysis after incubation in a headspace vial containing a mixture of the standard compounds ocimene, limonene, methyl salicylate caryophyllene and farnesene (Sigma-Aldrich, Saint-Quentin Fallavier, France). The variability expressed as the ratio between the mean and the standard deviation of compounds' areas were 41, 13, 9, 22 and 30% respectively. Fibers were then wrapped in aluminum foil and stored in individual screw-capped Pyrex glass tubes until use.
Collection. The fibers were fixed on a metal stake in the middle of the exclosure, at the maximum canopy height (Montagne: 43 and 35 cm in P1 and P2 respectively; La Prade: 45 and 15 cm). They were positioned in the same place at P1 and P2. Each day of measurement, the 6 fibers were installed between 08:30 and 10:00 and removed in the same order between 16:30 and 18:00. Duplicate measurements were performed on the second day in P1, in order to measure individual variability. The second fibers were located within 4 cm of the first ones in each of the six exclosures. Fibers with trapped VOCs were wrapped again in aluminum foil and stored in individual screw-capped Pyrex glass tubes for transport to the laboratory in Versailles and analysis as described elsewhere [4] . Eighteen of the fibers that had been used in P1 were reused in P2 after reconditioning.
Analysis. The SPME fibers were analyzed by gas chromatography coupled to mass spectrometry (GC/ MS) using a Bruker Scion 436-GC linked to a Bruker Scion SQ detector. The fused silica capillary column (30m×0.32mm i.d.) was coated with Rxi1-5SilMS (0.25 μm film thickness, Restek), the column temperature was programmed from 50 to 300°C at 8°C/min and carrier gas was helium N60 at constant flow of 2ml.min -1 . Each SPME fiber was manually inserted in the injector and the VOCs desorbed in splitless mode, 5 min at 250°C. Mass spectra were recorded in the electron impact mode at 70ēV. Kovats' retention indexes (RI) were computed using n-alkanes from C 10 −C 24 , eluted under the same conditions as the samples. Compounds were identified according to their retention index, to their molecular weight and to their mass spectra compared with the laboratory and with NIST 2011 library. VOC peak area information was extracted from the raw GC-MS data and transformed into relative amount by dividing the overall weight of the compound by the sum of the detected compounds from the same analysis and expressed as a percentage. A data matrix with relative amounts of all compounds for each individual was computed and aligned using GCAligner 1.0 [9] . The accuracy of the alignment was checked with original chromatograms.
Data analysis
Statistical analyses were performed using Statistica Software (Statsoft, Maisons-Alfort, France). The dataset comprised VOCs and insect counts as variables and 36 observations: 2 pastures × 3 exclosures × 3 days × 2 periods. The duplicates performed on the second day of the first period constituted six additional observations. Measurements made on the second day allowed us to calculate a ratio between the mean of the duplicate and its standard deviation for each peak in each of the six exclosures. For each peak, the variability was expressed as the mean of the ratios from the six exclosures. The effects of the day of measurement and of the exclosure were tested separately by performing univariate ANOVAs. A two-way ANOVA was performed to test the effect of the grassland (G), the period (Per) and their interaction (G × Per) according to the model
where i = j = 2 and n = 9
Post hoc mean comparison was performed using Fisher Least Square Difference (LSD) analysis. The effect of the grass and the effect of the period were checked using non-parametric, one-way ANOVAs of Kruskal-Wallis. A principal component analysis was performed using the variables for which the grassland and the period had the most significant effects. Correlations between VOCs and insects were tested using parametric statistical analysis and the highlighted relationships were checked using non-parametric Spearman rank correlations.
Results
During P1, temperature was close to the average for July (15−17°C with a maximum at 25°C) but quite rainy with humidity and precipitation in the evening and night especially on the first and third days of measurement (Table 1) . Global radiation was high during the second day of measurement. In P2, weather was hot (18−22°C and a maximum at 29°C) with no precipitation. Global radiation was high throughout the period and humidity was low.
Botanical composition
A total of 83 species were identified in the three exclosures on Montagne and 65 on La Prade, including respectively 63 and 43 dicotyledonous species. The quadrats on Montagne had a higher average number of species per square meter (30 vs. 19) and higher average Shannon indices (4.251 vs. 3.673) than those on La Prade. Forbs were much more abundant on Montagne than on La Prade (average 51% vs. 24%) while legumes, especially Trifolium repens, were more often found on La Prade than on Montagne (average 19% vs. 8%). Exclosure 1 and even more so Exclosure 3, located on the slope of Montagne, had higher species richness, forb richness and abundance and Shannon indices than Exclosure 2 located on the flat part ( Table 2 ). In those two exclosures, plants were representative of oligotrophic species due to the low soil nutrient status of the slope. On La Prade, plants representative of hydrophilic species were present in Exclosure 1. Vegetation structure
Sward surface heights within exclosures before and after grazing were similar between the two plots (Fig 1) . Flowering intensity assumed by the percentage of dicotyledonous flowering stems was much greater on Montagne not only before but also after grazing compared with La Prade (Fig 2) . Volatile organic compounds
In total, 67 VOC were detected over the six exclosures and the two periods (Table 3) : 10 hydrocarbons, 8 alcohols, 10 aldehydes, 8 ketones, 7 acids, esters, lactones or anhydrides, and 24 unidentified compounds (UI). Among these were 13 benzene compounds and 11 terpenoids. The total number of compounds in the exclosures ranged from 63 to 66 on La Prade and from 60 to 67 on Montagne. These compounds were recovered on both plots, except for the UI-21 which was found only on Montagne. The total number of compounds was similar in P1 and in P2 (Montagne: 67, La Prade: 66). Lastly, four major compounds together represented 40% of the total peak area: UI-7, propan-2-one, 1-ethoxy-2-propanol and butyrolactone. Duplicate measurements performed on the 2 nd day gave a mean variability of 50% and a median value at 47% (data not shown). Fifty percent of the peaks had variability between 39 and 60%. The lowest variability value was 20% for Δ-caryophyllene and the highest 98% for UI-3 and butyrolactone. Despite this high variability, one-way ANOVAs highlighted 11 peaks significantly affected by day of measurement (p<0.001) and two by exclosure (p< 0.0001). The two peaks influenced by exclosure were the UI-14 and UI-21. These two compounds were found exclusively (UI-21) or in much higher proportions (UI-14) in Exclosure 3, on Montagne. The twoway ANOVA showed that six compounds were significantly more abundant on Montagne than on La Prade: terpinene, UI-3 and the UI-14 (p<0.01) propan-2-one, UI-21 and 2-phenylethyl acetate (p<0.05) ( Table 3) . Only benzoic acid was significantly more abundant on La Prade than on Montagne (p<0.05). A significant effect of the period was observed for 31 VOCs doi:10.1371/journal.pone.0140600.g002 Table 3 . Mean GC-MS peak areas of the VOCs adsorbed on carboxen-PDMS-DVB SPME fibers exposed in the two grasslands. ( Table 3) . Among them, 19 compounds had a higher relative abundance in P1 than in P2: they included in particular the terpenes, 1-ethoxy-2-propanol, Δ-hexenol, Δ-hexenyl acetate, and 2-phenylethyl acetate. A smaller number of compounds (12) were more abundant in P2 than P1, among which most ketones, the aldehydes and 1-butanol. These effects were confirmed by the non-parametric Kruskal-Wallis one way ANOVAs performed separately on grassland and on period (not shown). Decanal was the only compound for which an interaction between the grassland and the period was observed: it tended to increase on La Prade and to decrease on Montagne between the two periods. Mean areas are indicated in percentage of the total area. Fibers were exposed in Montagne (M) and La Prade (LP) grasslands at the beginning (P1) and after (P2) cows grazing. Significance of the effects of the grassland (G), the period (P) and their interaction (G × P) ***p<0.001 **p<0.01
The PCA performed with the peaks most significantly influenced by the grassland (terpinene, UI-14 and benzoic acid), the period (1-butanol and Δ-bisabolene) or both (UI-3), is presented in Fig 3. Together, the two first components explain 68% of the variance. Principal Component 1 (PC1) separates P1 to the left from P2 to the right. This is mainly due to β-bisabolene and UI-14 which have higher relative abundances in P1. The two plots tend to separate along the second Principal Component (PC2), with La Prade above and Montagne below the dotted line except for four individuals: three from Montagne (P1 − Exclosure 1 − day 2, P1 -Exclosure 2 − day 2, P1 − Exclosure 3 − day 1) and one for La Prade (P2 − Exclosure 2 − day 2).
Insects
Bumblebee numbers were significantly higher on Montagne than on La Prade (p<0.05, Table 4), a difference that was also significant for the number of bumblebee species (p<0.01), and for the number of the wild bee species caught in the pan trap (p<0.05). On Montagne, the wild bee group was representative of a diversified thermophilic mountain pasture, while on La Prade the group reflected ordinary semi-natural grassland. No difference on the number of other hymenoptera was found.
Significant correlations (p<0.05) between VOCs and insect counts, found using either the values or their rank are presented in Table 5 . Whatever the method, there was a negative correlation between the number of wild bee species and limonene (R = -0.39) and between the number of "other hymenoptera" and α-pinene (R = -0.35), Δ-hexenyl acetate (R = -0.41) and limonene (R = -0.46).
Discussion
The SPME-GC-MS method of Leppik and Frerot [4] provided grassland VOC profiles, supporting our starting hypothesis. As expected, compared with the VOC profiles of maize Insects were trapped in the two periods (P1 and P2) with the net (bumblebees) or with the pan trap (wild bees and other hymenoptera) in Montagne (M) and La Prade (LP) plots. Data are the represented means of nine counts (3 days × 3 exclosures).
doi:10.1371/journal.pone.0140600.t004 Other hymenoptera correspond to the hymenoptera remaining after removing flies and wild bees from the pan-trap. Coefficients (R) found significant (p<0.05) when tested using relative abundance and count values or using ranks according to Spearman.
cultures [4] , the VOC profiles of the grasslands contained a greater number of compounds, belonging to a wider range of chemical families. Five VOCs were common with those found in maize [4] : the two terpenes α-pinene and limonene, methyl salicylate and the green leaf volatiles Δ-hexenol and Δ-hexenyl acetate. These compounds are very common semiochemicals that are systematically observed in plant-herbivore interaction studies and known as herbivore induced plant volatiles (HIPVs) ( [2] , [10] ). Despite the presence of a high percentage of terpene-rich plant like Thymus pulegioides, Meum athamanticum and Achillea millefolium recorded on Montagne [11] , the number of terpenes was lower (12 vs. 16) than in the maize field odorscape [1] , probably a result of individual plant dilution. The most abundant VOCs in our profiles, UI-7, propan-2-one, 1-ethoxy-2-propanol and butyrolactone were not observed in the maize field odorscape. Propan-2-one may have an abiotic origin as well as a microbial, plant or animal origin [12] . It is also known as a signal molecule toward insects [13] . The compounds originating from ruminants that could have been expected, such as volatile fatty acids from C 2 to C 7 , sulfur compounds, phenolic compounds and indole derivatives ( [14] , [15] ), were not found. Only benzyl alcohol and benzoic acid were recovered, and this compound could also have originated from plants. Apart from benzoic acid, no carboxylic acid was found among the VOC profiles. This was probably not due to a poor affinity between these compounds and the phases on the SPME fibers, as headspace extraction of volatile fatty acids on carboxen-PDMS-DVB has already been described [16] . Another hypothesis is that some of the diverse alcohols, ethers, aldehydes and esters that occurred in our profiles originate from volatile fatty acids although we could not find any report on such reactions occurring in open air. The trapping conditions were probably less efficient than in maize crops, where the headspace may be protected against wind, retained and to some extent concentrated by the height of the plants. A relatively high variability was indeed observed between the duplicate measurements made a few centimeters away on the second day of P1. This variability certainly stemmed from many sources, e.g. the heterogeneous distribution of the plants producing VOC in the grassland and a sporadic delivery of these VOCs, depending on the interactions of the plants with their environment. Moreover, VOC concentration in the air depends greatly on physicochemical conditions, mainly temperature, more compounds becoming volatile as temperature increases and above all, more VOCs being emitted by plants. In addition, VOC in the open air may disappear due to chemical reactions, or simply in the air flows. Exposing the fibers all day long probably narrowed this variability, each profile representing an average of the chemical landscapes encountered at one point.
Although the two plots, chosen due to their contrasting management, had different botanical compositions, these differences did not induce broad variations in their VOC profiles. The number of compounds on Montagne was appreciably the same as on La Prade, despite the higher proportion of forbs and the higher level of botanical diversity, expressed by a higher Shannon index on Montagne. The great heterogeneity between exclosures in terms of botanical composition induced little changes in VOC profiles except for Exclosure 3 on Montagne, which was characterized by UI-14 and UI-21. Marked differences in VOC relative percentages were observed between P2 and P1, the total number and the nature of compounds remaining sensibly the same. The effects of temperature and humidity changes between P1 and P2 merge with those of plant maturation and cow grazing. Among the compounds that were more abundant in P1 when cows were grazing beside the exclosures, compounds such as longifolene and bisabolene probably reflected the higher percentage of dicotyledonous flowering plants in P1 compared with P2. Herbivore induced plant volatiles are emitted when plants are attacked by herbivorous insects ( [2] , [10] ). In our experiment, the HIPVs Δ-hexenyl acetate and Δ-hexenol could reflect the presence of the grazing cows. Compounds that had higher relative abundance in P2 than in P1 were 1-butanol and 3-heptanone, which could have a plant as well as an animal origin. Finally, the two periods were well discriminated on the PC1× PC2 plane off the PCA (Fig 3) , and there was a trend for the two plots. Benzoic acid characterized La Prade while terpinene characterized Montagne, together with UI-14 in P1 and UI-3 in P2.
Wild bee populations were markedly different in the two plots. Wild bees therefore reliably distinguished between the two plots whereas recording of the chemical odorscape barely differentiated them. This flower-visitor's power of discernment has already been underlined by Hegland and Boeke [17] , and Sjodin [6] on a plot scale. Interesting relationships are nevertheless highlighted between VOCs and wild bee populations. Although these relations clearly need to be confirmed, they provide clues to finding "semiochemicals" linking grasslands to the insects they host, such as benzaldehyde, positively correlated with the number of bumblebee species, already known as a semiochemical. Butyrolactone, which correlated with the number of pollinators and the number of bee species, has also been cited as a constituent of insect pheromones [18] ). Lastly, negative correlations between limonene and the number of wild bee species observed in our study, could reflect the vegetative stage of the plants, limonene being largely emitted by leaves and stems rather than by flowers. Thus, this method provided Leppik and Frerot [4] a better understanding of the behavior of the corn borer in a maize field and brought new knowledge to the fight against this crop pest. In our case, VOC profiles could help determine which plant species are the most attractive or unattractive for wild bees and other pollinators and consequently which are those plants whose presence is important in maintaining flower-visiting insects.
Conclusion
This study has shown that the SPME-GC-MS method performs well enough to collect VOCs from a grassland atmosphere and to obtain the grassland odorscape. This volatilome contains a variety of compounds and constitute a starting library of chemical landscapes for further studies. Future improvement of the method should permit to plainly differentiate the two experimental grasslands, which were very different in their botanical composition. In addition, a different experimental scheme should be applied to highlight changes in the VOC profiles attributable to grazing and differentiate them from those of the ambient temperature and plant ageing. Comparison between two grasslands implies measuring chemical landscapes with similar meteorological conditions.
Odorscape recording brings new knowledge and offers tools to assess and enhance grassland value in terms of ecological services. In this respect, the correlation between wild bees and certain VOCs in the profiles are encouraging. VOC profiles could give indicators of microbial activity in soil or pollinating attractiveness. In the future, relationships between grasslands odorscape and milk sensorial quality would also be an interesting track to explore.
